A spray-drying process was applied to the mass-production of mesoporous silica particles. The applied nozzle pressure and amount of solvent in the precursor solution were varied to control the average particle size. The particle-size distribution showed a bell curve with a normal distribution. As the nozzle pressure was increased from 0.05 to 0.20 MPa, the average particle size was decreased proportionally. In addition, as the surfactant concentrations in the precursor solutions were decreased, the average particle size was decreased. Based on the results of low-angle X-ray diffraction measurements, N2 adsorption measurements, and TEM observations, it was proven that well-ordered mesoporous structures were formed inside the particles. It is proved that the spray-drying conditions do not affect the mesoporous structures but do affect the average particle size.
Introduction
Since they were first reported in 1990, 1) mesoporous materials have attracted great attention because of their usefulness in both scientific research and practical applications. Mesoporous materials have regularly ordered mesopore arrangements, a narrow pore-size distribution, and a very high surface area. Various types of mesoporous materials, including films, 2)-3) fibers, particles, 4) and monoliths, 5) have been synthesized and have been used in a wide range of applications such as adsorption systems, sensors, catalyzers, separators, and drug-delivery systems.
Spray drying (i.e., aerosol-assisted process) is a commonly used method of drying a liquid feed through a hot gas. 6) Various liquid feeds have been spray-dried for various products (e.g., pharmaceutical products, foods, and functional materials). The process involves spraying a liquid feed through a nozzle into a hot gas stream in which the liquid is vaporized and the droplets are immediately dried. Finally, the dried samples are collected by a filter. This rapid, one-step process does not require additional complex processing, which makes it advantageous for the maximization of profit. Furthermore, the spray-drying process can facilitate large-scale production and also can be used for many hours, making it suitable for industrial applications.
In this paper, we present an aerosol-assisted route to the synthesis of mesoporous silica spherical particles with large mesopores. Triblock copolymers were used as structural direct agents for the formation of large mesopores. Mesoporous materials with various pore-wall compositions (e.g., silica, carbon, and polymer) have been designed by adjusting the compositions of the precursor solutions.
6)-11) However, because the effect of the spray-dried conditions on the final products remains unclear, we investigated some of the parameters influencing the particle size of the products, such as the surfactant concentration and applied nozzle pressure. Our findings should be applicable to the industrial mass-production of mesoporous silica materials.
Experimental

Materials
Tetraethylorthosilicate (TEOS, Extra pure reagent) as a silica source was purchased from Nacalai Tesque, Inc. Ethanol (Purity 99.5%, Koso Chemical Co., Ltd.) was used as a solvent. Hydrochloric acid (pH 2) was obtained from Naclai Tesque, Inc. A triblock copolymer Pluronic F127 (PPO106-PPO70-PEO106) was obtained from Sigma-Aldrich, Inc.
Spray-dry instrument
The spray-dry instrument used in this study is a laboratorymade apparatus based on Spray Dryer GB22 (Yamato Scientific Co.). Droplets are generated from a two-flow spray nozzle (inside and outside diameters: 406 and 1270 μ m, respectively.).
The nozzle pressure can be varied from 0.05 to 0.30 MPa. The
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temperatures, which can be controlled from 40 to 250°C, are displayed digitally and are accurate to ± 1°C. The cyclone collector used to collect the spray-dried samples works by a centrifugal force created by a circular flow which throws the particles toward the wall of the cyclone. The drying chamber, cyclone, and cyclone collector are made of temperature-resistant, super-hard glass.
Preparation of precursor solutions
Two precursor solutions were prepared by changing the amount of ethanol. First, TEOS (28.0 ml, 26.0 g) was added to ethanol (12.5 or 25.0 ml) and HCl (12.5 ml). This mixture was vigorously stirred at room temperature for about 30 min until a clear, transparent solution was obtained. In a separate beaker, Pluronic F127 (7.90 g) was added to ethanol (12.5 or 25.0 ml) and then was mixed thoroughly. After that, the surfactant/ethanol solution was added to the mixtures to obtain the precursor solutions, which were stirred for vigorously 30 min under room temperature. The total amount of ethanol in each precursor solution was adjusted to 25.0 or 50.0 ml ( Table 1) .
Spray-dry synthesis
After being prepared, the precursor solutions were spraydried. The aspirator rate was adjusted to about 0.45 m 3 /h. Droplets of the precursor solutions were generated from the twoflow spray nozzle. The nozzle pressure was varied from 0.05 to 0.20 MPa at an interval of 0.05 MPa. The droplets were carried by an air flow (250°C) and dried in a heating zone. Finally, the dried particles were collected by a cyclone separator, and the obtained white particles were calcined at 500°C. Thus, we obtained four samples per precursor solution, or a total of eight samples (Table 1) .
Characterization techniques
The X-ray diffraction (XRD) patterns of the spray-dried samples were collected on a Rigaku RINT 2100 diffractometer using Cu Kα radiation. The diffractograms were recorded in a 2θ range from 0.6 to 4°. Nitrogen adsorption-desorption isotherms were measured by using a Quantachrome Autosorb 1. All the samples were outgassed at 110°C for 5 h before the measurements. The specific surface area and the pore size were calculated using Brunauer-Emmett-Teller (BET) method and Barrett-JoynerHalenda (BJH) method, respectively. The samples prepared under different synthesis conditions were observed on a Hitachi S-4800 field emission scanning electron microscope. The TEM images were obtained using a JEOL-3000F. The accelerating voltage of the electron beam was 200 kV. Powder samples for the TEM observation were dispersed in ethanol by ultrasound and mounted on a microgrid.
Results
The powdery samples were prepared under various synthetic conditions. The obtained samples were characterized by using SEM, and several images were taken over the entire area (Fig. 1) . The spray-dried samples show a spherical morphology. The particle-size distribution was obtained by counting the number of particles (Fig. 2) . The X-and Y-axes of the graphs show the particle size and frequency of the occurrence of particles, respectively. The plots were obtained by dividing particle sizes in the intervals with a width 250 nm (X-axis) and consequently accounting for the frequency of particles in those intervals (Yaxis).
The shapes of the particle-size distributions for all the samples were very close to the normal distribution pattern.
12) Consequently, we modeled the particle-size distributions obtained here on the normal distribution (i.e., Gauss distribution) based on the law of large numbers and the central limit theorem. Both theorems state that if the sample size is increased (i.e., if the number of observations is increased), any statistical data obtained from quantitative phenomenon can be modeled as a normal distribution, which is basically given by two parameters (mean 'μ' and 
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standard deviation 'σ '). With the given data (the particle size obtained from SEM images), we can calculate 'μ' and 'σ .'
(where "x" is the particle size and "n" is the number of observed particles.)
Based on these calculations, the standard error (i.e., the accuracy of our prediction with respect to reality) can be estimated. The statistical error in our data is determined by 'σ ' and 'n,' and the error value is given by the following formula.
Based on the above formula, in order to decrease the error, 'n' should be a larger value (i.e., the number of observed particles should be larger.). As the value of 'n' is increased, the error value is decreased. A smaller error value is desirable in order to predict accurate results. In our evaluation, we measured enough 'n' particles to get an error in the range of 5% of the mean 'μ'. These above data were summarized in Table 1 .
Based on this mathematical theory, the particle-size distributions, modeled according to the normal distribution, are plotted in Fig. 3 . All the particle-size distributions show similar shapes. The relationship between the nozzle pressure and the average particle size is shown in Fig. 4 . The best-fit lines for the four points (which were almost linearly related) were calculated by using least-squares regression. As the nozzle pressure was increased from 0.05 to 0.20 MPa, the average particle size was decreased proportionally because the average size of the generated droplets became smaller.
In the spray-drying process, the precursor solutions were atomized into droplets from a nozzle. During the heating process, the solvent of the droplets was rapidly evaporated, resulting in the shrinkage of the droplets. The dried particles were collected 
by a cyclone collector. In order to investigate the effect of the surfactant concentration, the samples were prepared by changing the amount of ethanol in each precursor solution. As the amount of ethanol was increased, the average particle size was decreased because the volume shrinkage of the droplets increased with the addition of more ethanol. The inclination of the line for the single-amount system (Fig. 4, Line a) is smaller than that for double-amount system (Fig. 4, Line b) . As the amount of the ethanol decreased (i.e., the surfactant concentration became higher), the viscosity of the precursor solutions increased, leading to the generation of bigger droplets from the nozzle under the same pressure.
It is noted that the present spray-drying process is limited by the fact that the particle-size distribution is modeled to be a normal distribution. The spray-drying process limits the particle-size control to an average particle size. Although completely uniform particles of the same size cannot be obtained through spray drying, the average particle size can be roughly controlled by changing both the applied nozzle pressure and the amount of solvent.
The low-angle XRD patterns for all the calcined samples show a broad peak (d = ca. 12 nm) corresponding to mesoscopic periodicity (Fig. 5) . The N2 adsorption-desorption isotherms of the calcined samples show type IV with a hysteresis loop of type HI (Fig. 6) . The pore-size distribution measured by the BJH method was centered at about 6-7 nm, indicating the formation of large mesopores. The surface area was calculated to be more than 300 m 2 /g by the BET method (Fig. 6, inset) . Figure 7 shows representative TEM images of the calcined samples (prepared under high pressure at 0.2 MPa). These TEM images clearly show the presence of uniform mesopores. The measured pore-to-pore distance was about 12 nm, in good agreement with the above XRD data. Consequently, the spray-drying conditions did not affect the mesoporous structures but did affect the average particle size.
As shown in Fig. 7 , TEM images were used to calculate an index to morphology (i.e., sphericity). In previous studies, many researchers prepared several spherical powders by using spraydrying processes.
6)-11) They noted that the morphology of the spray-dried samples looked like a sphere or nearly like a sphere in SEM and TEM observations but could find no direct evidence. Herein, we have mathematically proved the sphericity of the spray-dried samples. TEM images are 2-dimensional projections of 3-dimensional spheres. Our sphericity index was calculated from the projective image. In this study, MATLAB (Mathswork. com) was used as an image-processing tool. We developed a new algorithm (i.e., a computer program) through the following mathematical process.
(1) Through an image-processing tool provided by the software, the coordinates (x, y) of the boundary points were determined. One hundred random points were taken on the boundaries. The coordinates were stored and mapped.
(2) Once all the coordinates (x, y) were obtained, the coordinates were stored in an array.
Consequently, the best circle to these coordinates was fitted by using a mathematical least-squares regression tool. 13) (3) The radius (R) and center coordinate (x0, y0) were calculated from the obtained best circle. Displacement of each data point from the center (x0, y0 ) was calculated by using the simple distance formula of coordinate geometry:
The displacement array was obtained from the above array.
(5) The displacement values are regarded as only positive, regardless of the sign, and are designated as the distance array, which has the same dimension as the displacement array.
(6) The average of the distance array is the average distance of the points with respect to the best circle. This average distance divided by the radius 'R' of the best-fit circle gives the sphericity index.
When the sphericity index is exactly zero, the morphology is exactly spherical. However, when it is close to zero, the morphology is very nearly spherical. We calculated the sphericity based on the TEM images of the particles and as we examined various TEM images of various particle samples. The average sphericity index was calculated to be 0.0034, or very nearly zero. The results indicate that the particle morphology can be regarded as spherical.
Conclusion
By use of a spray-drying process, the large-scale production of mesoporous particles with large mesopores is possible. Controlling the spray-drying conditions, such as the nozzle pressure, can alter the average particle size. The average particle size can be increased by decreasing the nozzle pressure. The surfactant concentration of the precursor solutions is also effective. As the amount of solvent (ethanol) is increased, the average particle size is decreased. Furthermore, the particle-size distribution collected from SEM images can be modeled as a normal distribution bell curve. The particle-size distribution can be modeled with two parameters: mean and standard deviation. In addition, a new sphericity index is introduced in order to mathematically determine how close a particle is to a sphere. The presence of mesopores was observed by TEM, and the distance between the mesopores, measured by XRD, was about 12 nm. The mesopore size of the particles was about 6-7 nm, as calculated using the BJH method with the N2 adsorption isotherm. The spray-drying conditions did not affect the mesoporous structures but did affect the average particle size. The spray-drying process should be a great tool for the future industrial mass-production of mesoporous silica particles. 
